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RESUMEN
El acercamiento del ciclón tropical Juliette en 2001 a la península de Baja California provocó por lo menos 
419 deslizamientos. Éstos corresponden en su mayoría a derrumbes someros de extensión reducida que 
IXHURQFRQYHUWLGRVUiSLGDPHQWHHQÀXMRVGHGHWULWRVSDUDVHUH[SRUWDGRVGHODViUHDVPRQWDxRVDVKDFLDiUHDV
bajas. Los factores principales que afectan la ocurrencia de deslizamientos en esta zona son la precipitación 
total y su intensidad, así como la orientación, la geología y la vegetación. Se pueden distinguir dos procesos 
como iniciadores de los derrumbes. El primero de ellos es la acumulación de escorrentía por precipitación 
LQWHQVDVREUHURFDVH[SXHVWDVORFXDOJHQHUDH[FHVRGHHVFXUULPLHQWRVXSHU¿FLDOTXHDFDUUHDUHJROLWReVWH
es el proceso principal en topografía cóncava. La combinación de viento y de exceso de escurrimiento en 
las pendientes altas convexas o planas constituye un proceso secundario relacionado con la heterogeneidad 
de las asociaciones de vegetación en el límite entre los bosques tropical seco y de roble. Los árboles arran-
cados desprendieron bloques completos de regolito y roca, lo cual preparó las laderas para la concentración 
DGLFLRQDOGHHVFXUULPLHQWRVXSHU¿FLDO6HKDHVWLPDGRXQDFXUYDSDUDHOXPEUDOGHGHVOL]DPLHQWRVHQHVWD
región. Asimismo, con base en el análisis de la información histórica, se ha determinado que tormentas 
FRPR-XOLHWWHVHDFHUFDQDOVXUGHODSHQtQVXODHQSURPHGLRXQDYH]FDGDDxRV/DVHVWLPDFLRQHVGH
la denudación provocada directamente por deslizamientos se ubican en la parte más alta del espectro para 
un margen tectónico pasivo. Estas estimaciones deben considerarse en la toma de decisiones vinculadas 
con el manejo de los recursos hídricos en esta región. Los resultados acentúan la necesidad de contar con 
una representación más detallada de la distribución espacial de la precipitación y vientos para esta región 
PRQWDxRVDDIHFWDGDSRUFLFORQHVWURSLFDOHV
ABSTRACT
The approach of tropical cyclone (TC) Juliette, in 2001, to the Baja California Peninsula triggered at least 
419 landslides. Most of the landslides were shallow slips and debris slides of limited areal extent, which were 
FRQYHUWHGUDSLGO\LQWRGHEULVÀRZVWREHH[SRUWHGTXLFNO\RXWRIWKHPRXQWDLQDUHDVWRZDUGVWKHORZODQGV
Main factors affecting landslide occurrence were total storm rainfall and intensity, aspect, geology and veg-
etation association. Two processes can be distinguished as initiating slope failure. Accumulation of rainfall 
IURPH[SRVHGEHGURFNVORSHVJHQHUDWLQJH[FHVVRYHUODQGÀRZZDVWKHPDLQSURFHVVOLQNHGWRIDLOXUHVLQ
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FRQFDYHWRSRJUDSK\$FRPELQDWLRQRIZLQGDQGH[FHVVRYHUODQGÀRZLQWKHPRUHFRQYH[RUSODQDUXSSHU
VORSHVZDVDVHFRQGDU\SURFHVVUHODWHGWRKHWHURJHQHLW\RIYHJHWDWLRQDVVRFLDWLRQVLQWKHRDNGU\WURSLFDO
IRUHVWVHFRWRQHDVXSURRWHGWUHHVGLVORGJHGODUJHUHJROLWKDQGEHGURFNEORFNVSULPLQJKLOOVORSHVIRUIXUWKHU
UXQRIIFRQFHQWUDWLRQ$QHVWLPDWLYHWKUHVKROGFXUYHIRUWULJJHULQJODQGVOLGHVLQWKLVUHJLRQLVVNHWFKHG)URP
WKHDQDO\VLVRIKLVWRULFDOLQIRUPDWLRQVWRUPVOLNH-XOLHWWHDSSURDFKWKHVRXWKHUQSHQLQVXODRQDYHUDJHRQFH
every 100 years. Denudation estimates are in the higher end of the spectrum for a tectonically passive margin. 
7KHVHHVWLPDWHVVKRXOGEHFRQVLGHUHGZKHQWDNLQJGHFLVLRQVUHJDUGLQJPDQDJHPHQWRIZDWHUUHVRXUFHVLQ
this area through damming of streams. The results emphasize the need for a more detailed representation of 
the spatial distribution of the rainfall and winds for this mountainous region affected by TCs. 
Keywords: 7URSLFDOF\FORQHHDVWHUQ3DFL¿F2FHDQ-XOLHWWHODQGVOLGHVVHGLPHQWWUDQVSRUW
1. Introduction
Inland landscapes affected by tropical cyclones (TC) respond in different ways to the intense 
SUHFLSLWDWLRQJHQHUDWHGE\WKHVWRUPDSSURDFKDQGSDVVDJHRYHUWKHFRQWLQHQW:LGHVSUHDGÀRRGLQJ
EDQNHURVLRQDQGDOOXYLDOGHSRVLWLRQDUHGRPLQDQWSURFHVVHVLQORZODQGV*XSWD.RVWDFKXN
et aO0DUWtQH]*XWLpUUH]DQG0D\HU0LOOLPDQDQG.DRZKLOHODQGVOLGHVDUH
predominant in mountainous terrain (Larsen and Simon, 1993; Page et aO, 1999; Hovius et aO, 
2000; Crone et aO%XFNQDPet aO, 2001; Lin et aO, 2004; Alcántara-Ayala, 2004; Turton, 
/DUVHQ$OO W\SHVRIPDVVZDVWLQJ HYHQWV FDQRFFXUGXULQJ WKHSDVVDJHRI WKHVH
storms. Deep seated landslides turning into mudslides have mobilized entire hillslopes (Matías-
5DPtUH]DQGGHEULVVOLGHVDQGÀRZVFDQDJJUHJDWHDQGKDYHWKHFDSDELOLW\RIIROORZDQG
RYHUZKHOPWKHGUDLQDJHQHWZRUNDIIHFWLQJFDWDVWURSKLFDOO\WKHODQGVFDSH3DGLOOD/R]R\D
A large availability of sediment on the hillslopes is a major factor that conditions mass wasting 
XQGHULQFUHDVHGSRUHSUHVVXUHDQGVLJQL¿FDQWJHRPRUSKLFHIIHFWVGHULYHGIURPODQGVOLGLQJDUH
REVHUYHGLQWURSLFDOUHJLRQVZKHUHGHHSZHDWKHULQJPDNHVDYDLODEOHODUJHUDPRXQWVRIUHJROLWKWR
be mobilized (eg%XFNQDPet aO, 2001; Crone et aO, 2001; Larsen and Torres-Sánchez, 1992). 
+RZHYHULQFHUWDLQFDVHVVORSHIDLOXUHFDQRFFXURQKLOOVORSHVZLWKVKDOORZUHJROLWKFRYHUOLNH
WKRVHWKDWWDNHSODFHLQVHPLDULGUHJLRQVUHFHLYLQJRQO\VHDVRQDOSUHFLSLWDWLRQ:HEEet aO
These events are rarely described because they are less impressive compared to their counterparts 
in regions with relatively constant humid conditions throughout the whole year.
Our goal is to discuss the meteorological, geomorphological and environmental conditions 
that are favorable for landslide development in response to the approach and eventual TC landfall 
in the Mexican state of Baja California Sur (BCS). The area is located in a semiarid environment 
dominated by rainfall in discrete TC-related events during the summer and fall (Latorre and Penilla, 
5DLQIDOOWULJJHUHGODQGVOLGHVKDYHQRWEHHQUHSRUWHGIRUWKHUHJLRQGHVSLWHWKHIDFWWKDWWKH
UHJLRQUHFHLYHVDWOHDVWRQFHD\HDUD7&SDVVLQJZLWKLQNPIURPWKHFRDVWcf Serra, 1971). 
6LQFHRQO\RQHFDWHJRU\PDGHODQGIDOOLQ%&6)DUIiQet aO, 2012) although, over the 
ocean, one category-4 moved close to the peninsula. None of these systems made the widespread 
impact that the approach of TC Juliette, in late September 2001, had over the Sierra La Laguna 
(SLL, Fig. 1) mountains. The events associated with TC Juliette are therefore chosen to illustrate 
the occurrence of landslides in this region of southwestern North America.
7URSLFDOF\FORQH-XOLHWWHPRYHGGXULQJVHYHUDOGD\VLQDSDWKDIHZKXQGUHGNLORPHWHUVZHVW
of the southern peninsula (Ávila et aO, 2003), bringing record rainfall to some areas in the region 
(Farfán, 2004), and generating geomorphic and ecosystem effects that disrupted importantly 
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human activities (eg, Ávila et aO0DUWtQH]*XWLpUUH]DQG0D\HU&DPDFKR9DOGH]
et aO +RZHYHU WKHUH LV QR GRFXPHQWDWLRQ UHIHUULQJ WRZLGHVSUHDG ODQGVOLGLQJ LQ WKH
southern SLL as a result of its approach. Landslide occurrence may be considered rare because it 
LVGRFXPHQWHGIRUWKH¿UVWWLPH+RZHYHURQDKLVWRULFDOSHUVSHFWLYHLWLVQRWWKH¿UVWODQGVOLGH
triggering event that has occurred, and not the last. We describe here for example a 1907 storm 
that generated landslides, and also landslides occurring on landfall of more recent TCs. This paper 
reports the landslides associated with TC Juliette, characterizing them and assessing the conditions 
of antecedent and accumulated storm precipitation, geology, geomorphology, slope aspects, soils 
DQGYHJHWDWLRQ:HGLVFXVVWKHUHOHYDQFHDQGUHFXUUHQFHRIWKHVHODQGVOLGHHYHQWVDV¿UVWRUGHU
surface processes controlling erosion in the southern peninsula, with implications for other arid 
and semi-arid regions subject to highly seasonal rainfall.
2. Data and methods
The geographical area of interest includes the SLL mountainous region, with mean elevation above 
PDQGPD[LPXPDOWLWXGHVUHDFKLQJPLQFUHDVLQJIURPVRXWKWRQRUWK7RLGHQWLI\
the landslides that occurred during the approach of TC Juliette to Baja California on September 
ZHXVHGWZR/DQGVDW70LPDJHVWDNHQEHIRUH0D\DQGDIWHU2FWREHU
its landfall. Primary information obtained from the satellite imagery at ~30 m resolution was 
FRUURERUDWHGXVLQJDHULDOSKRWRJUDSKVIURP0H[LFRV,QVWLWXWR1DFLRQDOGH(VWDGtVWLFD*HRJUDItD
H,QIRUPiWLFD,1(*,KWWSZZZLQHJLRUJP[VRPHRIWKHPRUWKRUUHFWL¿HGIRUGDWHVEHIRUH
Fig. 1. Tropical cyclone Juliette approach to the southern Baja California peninsula. 
D6WRUPEHVWWUDFNDFFRUGLQJWR1+&UHFRUGVVKRZQZLWKGRWVFORVHGKXUULFDQH
open: tropical storm and tropical depression), presenting accumulated storm rainfall 
in mm, with intervals displayed in the sidebar. Contours for terrain elevation (solid 
OLQHVDWDQGP3OXVVLJQVLQGLFDWHPHWHRURORJLFDOVWDWLRQVZLWKGDLO\
REVHUYDWLRQVWKDWZHUHXVHGWRSUHSDUHWKH¿JXUH7LPHLQGLFDWHGLV87&GD\E6KDGHG
relief map showing elevation at the 200 m interval for the southern tip of the Baja 
California peninsula (note the location of the Sierra La Laguna).
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DQGDIWHUWKHHYHQWDQGWDNHQDWVFDOHVEHWZHHQDQG4XLFNELUG*HRH\H
DQG6327RUWKRUUHFWL¿HGVDWHOOLWHLPDJHU\DWaPUHVROXWLRQZDVDOVRXVHGWRGLJLWL]HDW
VFDOHWKHODQGVOLGHLQYHQWRU\WRHVWLPDWHVFDUDUHDVDQGWULJJHULQJSRLQWVDQGWRIROORZ
the temporal evolution of some of the landslides after 2001. Digital elevation model (DEM) 
LQIRUPDWLRQZDVREWDLQHGIURP6570KWWSVUWPXVJVJRYGDWDVHWVDQGIURPUHJLRQDO'(0V
IURP,1(*,ZKLFKZHUHXVHGWRH[WUDFWVHFRQGDU\WRSRJUDSKLFDOIHDWXUHVOLNHUHOLHIDWNPUDGLXV
ORFDOVORSHDQGDVSHFW:HQRWRQO\XVHGYLVXDOLGHQWL¿FDWLRQRIODQGVOLGHVZLWKWKHLPDJHU\IURP
EDQGFRPELQDWLRQV OLNH5*%RUEXWDOVREDQGUDWLRV eg7070 WR UHGXFH
brightness effects associated with topographic slope and aspect effects (eg, Restrepo and Alvarez, 
$OOLQIRUPDWLRQZDVSURFHVVHGDQGFRPSLOHGLQ$5&7HUPLQRORJ\XVHGWRFODVVLI\WKH
ODQGVOLGHVIROORZV&UXGHQDQG9DUQHV)LHOGUHFRQQDLVVDQFHZDVSHUIRUPHGGXULQJODWH
2010 and early 2011 to assess the extent of visible landslide scars and deposits ten years after the 
HYHQW0RVWRIWKH¿HOGFKHFNHGGHSRVLWVaDUHORFDWHGLQORZHUDFFHVVLEOHDUHDVSRUWUD\LQJ
landslides (eg, the San Dionisio area).
We focused our analysis in the relevance of landslides as a sediment production process, 
DQGQRWLQWKHH[WHQWRIWKH¿QDOGHSRVLW7KHPDSSLQJWKHUHIRUHUHÀHFWVDUHDVRIIDLOXUHRULJLQ
UDWKHUWKDQIXOOWUDMHFWRULHVRIGHEULVÀRZVRUVOLGHV0RVWRIWKHÀRZVZHUHDJJUHJDWHGLQWR
higher order channels very close to the origin and no attempt was made to map the extent 
RI WKHÀRZVEH\RQG WKLUGRUGHUFKDQQHOV/LPLWDWLRQVRI WKHPDSSLQJDSSURDFK LQFOXGH WKH
GLI¿FXOWLHVDVVRFLDWHGZLWKORFDWLQJWKHWUDQVLWLRQDO]RQHEHWZHHQVFDUDQGGHSRVLWLRQDOOREHVRQ
the imagery for most shallow slips, and the transition area between these slips and downslope 
GHEULVÀRZV7KHIHZ¿HOGPHDVXUHPHQWVRIOLQHDUGLVWDQFHVLQWKH¿HOGFRPSDUHGWRWKH*,6
HVWLPDWHVRQWKHVDPHODQGVOLGHV\LHOGGLIIHUHQFHVRIXSWRGHSHQGLQJRQIDFWRUVOLNHLPDJHU\
resolution, slope values unaccounted for, and revegetation obscuring boundaries of scar regions and 
original slopes. All measurements used to calculate landslide dimension are considered as having 
XQFHUWDLQW\DUHDVDQGYROXPHVE\DGGLQJLQTXDGUDWXUHSRVVLEOHHUURUVIURPHDFKDQG
LQDJUHHPHQWZLWKSUHYLRXVUHSRUWVIRUODQGVOLGHVLQRWKHUUHJLRQV$QWLQDRDQG*RVVH
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Fig. 2. Tropical cyclone Juliette accumulated storm rainfall 
for the southern tip of the Baja California peninsula. The 
distribution of accumulated precipitation in mm is derived 
IURPWKHRSHUDWLRQDOQHWZRUNRIVXUIDFHVWDWLRQVLQ%&6ZLWK
GDWDIURP6HSWHPEHULQWHUSRODWHGRQWRDXQLIRUPJULG
XVLQJWKH%DUQHVREMHFWLYHDQDO\VLV.RFK et aO, (YHQ
though the spatial distribution of the available stations is not 
uniform, the interpolated grid is useful for a visualization of 
the activity that was associated with the passage of TC Juliette. 
.H\IRUWKHVWDWLRQVPHQWLRQHGLQ)LJXUH6DQWLDJR6/DV
Cuevas: LC; Agua Caliente: AC; San Bartolo: SB; 9DOOH 
3HUGLGR936DQWD*HUWUXGLV6*6DQ-DFLQWR-7&DGXDQR
CD; Yenecá: Y; 6DQ-RVp del Cabo: SJ; El Sauzal: SZ; San 
Felipe: SF; and Candelaria: C.
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7RVWXG\WKHWUDMHFWRU\DQGLPSDFWRI7&-XOLHWWHVHYHUDOGDWDVHWVZHUHXVHG*2(6LQIUDUHG
imagery was used to assess the cloud-cover structure. Precipitation was obtained from the daily 
GDWDRIWKHQHWZRUNPDQDJHGE\WKH&RPLVLyQ1DFLRQDOGHO$JXD&RQDJXD0H[LFR)LJ
7KLV QHWZRUNZDV DOVR XVHG WR DVVHVV WKH FRQWULEXWLRQ RI DQWHFHGHQW UDLQIDOO LQ WKH REVHUYHG
slope failures. High temporal resolution (10 min) wind and rainfall data were obtained from an 
automated station at Cabo San Lucas (Fig. 1). This station, unfortunately, malfunctioned during the 
VHFRQGKDOIRIWKHVWRUPSDVVDJHDVWKHZLQGVH[FHHGHGNPKLPSHGLQJWKHUHVWRIWKHHYHQW
to be recorded, probably because the gauge was damaged. Stream discharge data (Conagua) for 
catchments originating at the SLL were not available during 2001, but we used previous records 
IURPDQRWKHU7&  WRGHVFULEHDQGDVVHVV WKHSRWHQWLDO UHOHYDQFHRI VWUHDPGLVFKDUJH LQ
removing landslide sediment.
3. Results
31 RainfaOO associated with troSicaO cycOone -uOiette
7KH¿UVWVWDJHVRI-XOLHWWHZHUHMXVWRII&HQWUDO$PHULFDDQGZKLOHLQWHQVLI\LQJWKHKXUULFDQHPRYHG
SDUDOOHOWRWKH0H[LFDQFRDVWWRUHDFKFDWHJRU\VWUHQJWKRQ6HSWHPEHU/DWHULWZHDNHQHG
DQG IROORZHGQRUWKZDUGPRWLRQ WR DSSURDFK%DMD&DOLIRUQLD.H\PHWHRURORJLFDO SDUDPHWHUV
indicate that Juliette was an intense storm, delivering an extremely large amount of precipitation 
WRWKHVRXWKHUQSHQLQVXOD)LJ1RWHWKDWIHZVWDWLRQVDUHORFDWHGRYHUP)LJ7KHDUHD
with most relevant rainfall was the SLL range, with several stations in the vicinity or along its 
HGJHVUHSRUWLQJPRUHWKDQPPDFFXPXODWHGLQDWOHDVWWKUHHGD\V7KHVHVWDWLRQVWHQGWREH
located along the southern or eastern side of the range (Farfán, 2004). A maximum of 1011 mm 
ZDVUHSRUWHGDW&DGXDxRNPQRUWKRI6DQ-RVpGHO&DER)LJZKHUHPRUHWKDQPPG
were received during three consecutive days. Another area of maximum rainfall can be observed 
RYHUDPRXQWDLQUDQJHORFDWHGEHWZHHQ1ZLWKPP)LJ,QFRQWUDVWOLPLWHG
rainfall was reported from stations in the central peninsula.
32 Antecedent rainfaOO during 2001
We compiled information for antecedent conditions for the stations that recorded rainfall during 
WKH7&DSSURDFK1RVLJQL¿FDQWSUHFLSLWDWLRQZDV IRXQGSULRU WR WKH VWRUPGXULQJ WKHSHULRG
January-September 2001. The time series of monthly rainfall (Fig. 3) at stations located in the 
eastern slopes of the sierra (Fig. 2), close to where most landslides occurred, show that most of 
WKHSHULRG¶VSUHFLSLWDWLRQZDVFROOHFWHGLQ6HSWHPEHUDQGPRVWFDPHIURPWKHSUHYLRXV¿YHGD\V
ZKHQ-XOLHWWHDSSURDFKHGWKHSHQLQVXOD7KHWLPHVHULHVDW&DGXDxR)LJVKRZVQR
VLJQL¿FDQWDFFXPXODWLRQLQWKHSUHFHGLQJPRQWKVZLWKZHDNHUVWRUPVDIIHFWLQJWKHDUHDHYHU\
GD\VDYHUDJLQJPPSHUHYHQW6LPLODUO\WKHVWDWLRQVORFDWHGRQWKHVRXWKHUQDQGZHVWHUQ
SLL show no accumulated rainfall previous to the TC passage (Fig. 3).
33 /andsOides
Satellite imagery and aerial photography were compared before and after the TC passage. A total 
RIODQGVOLGHV7DEOH,ZHUHLGHQWL¿HGLQWKHKLOOVORSHVRIWKHVRXWKHUQ6//)LJZLWKLQ
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DQDUHDRIaNP2$GGLWLRQDOO\ZHLGHQWL¿HGQLQHODQGVOLGHVFDUVJHQHUDWHGEHIRUHWKDWGDWH
and eight other landslides that occurred probably during 2003, both of which will be discussed 
ODWHU*HRJUDSKLFDOO\DFOHDUVHSDUDWLRQDSSHDUVEHWZHHQWZR]RQHVRIKLJKHUODQGVOLGHGHQVLW\$
northern zone occurrs along the La Zorra, Boca de la Sierra and Portezuelo catchments. A southern 
]RQHDSSHDUVPDLQO\DORQJWKH6DQ/i]DURDQG6DQ0LJXHOLWRFDWFKPHQWV)LJ7DEOH,,
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Fig. 3. Accumulated monthly rainfall time series for stations located 
in different areas in relation to the mountains of Sierra La Laguna. 
Precipitation in mm. Location of stations in Figure 2. Numbers along 
the horizontal axis denote months of the year.
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Most landslides occurred in the south facing, upper portion of slopes. Shallow soil slips and 
GHEULVÀRZVZHUHWKHSUHGRPLQDQWIRUPVRIVORSHIDLOXUH7KHVKDOORZVOLSVWKDWZHUHFKHFNHGLQ
WKH¿HOGVHHPWRRULJLQDWHIURPIDLOXUHSODQHVQHDUWKHVRLOVDSUROLWHRUVRLOEHGURFNERXQGDU\
DSSUR[LPDWHO\PGHHS0RVWRIWKHGHEULVÀRZVFDQEHWUDFHGXSVORSHWRVKDOORZVRLOVOLSV
ZLWKIDLOXUHSODQHVVLPLODUO\ORFDWHGLQWKHVRLOVDSUROLWHRUVRLOEHGURFNERXQGDU\DOWKRXJKVRPH
RIWKHGHEULVÀRZVFDUVDSSHDULPPHGLDWHO\GRZQVWUHDPRIEHGURFNH[SRVHGVXUIDFHV0RVWRI
the landslides initiated near the top of the hillslope, and then traveled towards the closest drainage 
channel. At this stage, at least a third order channel was reached, and most slides evolved there 
LQWRGHEULVÀRZVLQGLFDWHGE\WKHVFDUVOHIW)LJRQWKHKLOOVORSHVDQGFKDQQHOV6RPHRIWKH
ODUJHVWODQGVOLGHVZHUHPRUHWKDQPORQJDQGPZLGHVFDUGLPHQVLRQDQGVXEVHTXHQW
ÀRZSDWKVZHUHaNPORQJ7DEOH,(YHQWKHODUJHVWGHSRVLWVeg San Lázaro and Portezuelo-
$QFyQ*UDQGH)LJGLGQRWSUHVHUYHDGHEULVOREHDIWHUWKH7&SDVVDJHZKLFKLQGLFDWHVDYHU\
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)LJ7LPHVHULHVRIGDLO\UDLQIDOODW&DGXDxRIRUWKHSHULRG-XO\6HSWHPEHU0DLQVWRUPHYHQWVDUH
labeled in the horizontal axis.
7DEOH,*HQHUDOSURSHUWLHVRIWKHODQGVOLGHLQYHQWRU\
Number of landslides 419
$UHDPDSSHGNP2): 
Total area scanned 990
Total area of catchments assessed individually 
Average landslide size (area in m2) 
3URSRUWLRQRIWRWDODUHDLQWKHLQYHQWRU\RIWRWDOFRQWULEXWHGE\ODQGVOLGHV
Larger than 1000 m2 71
Larger than 10 000 m2 
Largest area (m2) landslides:
Boca de la Sierra 1 
Boca de la Sierra 4 14 920
Portezuelo 20 
/DUJHVWUXQRXWNPODQGVOLGHVUHVXOWLQJGHEULVÀRZV
Portezuelo 20 2.3
San Lázaro 1 2.3
1RWH/DQGVOLGHVQDPHVUHIHUWRWKRVHUHSRUWHGLQWKHVXSSOHPHQWDU\GDWD¿OHV
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rapid removal of the sediment in the channel. No indication of dammed streams appears along the 
channels, suggesting that stream power was enough to absorb and transport all landslide sediment 
downstream.
)LJ6SDWLDOGLVWULEXWLRQRIODQGVOLGHV,QGLYLGXDOFDWFKPHQWVPHQWLRQHG
LQWKHWH[WDUHODEHOHG6WDWLRQVPDUNHGZLWKVWDUVDQGODEHOHGZHUHXVHG
to estimate precipitation through interpolation in areas between them 
(Fig. 2). Unlabeled stations did not record. Elevation intervals are the 
same than in Figure 1. Note that most stations are located at elevations 
ORZHUWKDQPDQGWKDWRURJUDSKLFHIIHFWVRQSUHFLSLWDWLRQDUHQRW
WDNHQLQWRDFFRXQWE\WKHPHWKRGRILQWHUSRODWLRQXVHG
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7DEOH,,9DULDEOHVUHODWHGWRODQGVOLGHRFFXUUHQFHLQLQGLYLGXDOFDWFKPHQWVDFURVVWKH6LHUUD/D/DJXQD)LJ
Catchment Area 
NP2)
Total area
affected by
landslide
scars (m2)
Proportion of
area disturbed
by landslides

Mean
ratio
ZLGWKOHQJWK
Standard
deviation
ratio
ZLGWKOHQJWK
Total
slides
Slides
SHUNP2
Estimated
sediment
removed
(m3)
Denudation
contribution,
event
(mm)
Denudation
contribution,
annual rate
PP\U
Agua Caliente  73 439 0.11 0.12   0.42  2.2 0.02
$JXD9HUGH 33.3  0.10 0.12 0.07 17   1.9 0.02
Boca de la Sierra 99.2  0.23 0.13 0.10     
Cieneguita 39.4  0.02 0.19 0.12  0.13 11 920 0.3 0.00
(O*XDMH   0.14 0.11  20    0.03
Las Ánimas 23.7  0.10 0.14 0.09 20   2.1 0.02
La Palma 39.1 33 200  0.10 0.04 13 0.33  1.7 0.02
La Tinaja 7.3  0.39 0.09  10    
La Zorra   0.09  0.13 21 0.42   0.02
Portezuelo 74.9  0.20 0.09 0.07    3.9 0.04
5LQFyQ*UDQGH   0.12 0.11  9   2.3 0.02
San Dionisio    0.14 0.09 41 0.27  1.1 0.01
Santo Domingo  40 473 0.12 0.09 0.04  0.49   0.02
San Jorge  33 121  0.14 0.07 30   1.3 0.01
San Lázaro    0.13      0.04
San Miguelito   0.09 0.17 0.12  0.71   0.02
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4. Assessment of potential conditioning and triggering factors
In the following subsections, we contrast the spatial distribution of landslides against the distribution 
of different factors that may condition or trigger slope failures.
1 Antecedent and storm rainfaOO
Comparison of landslide triggering points and total accumulated rainfall isohyets indicate that most 
RIWKHODQGVOLGHVDUHORFDWHGLQDUHJLRQERXQGHGE\WKHPPFRQWRXUV)LJ7KHQRUWKHUQ
ODQGVOLGHVDSSHDULQDUHDVZKHUHLQWHUSRODWHGWRWDOSUHFLSLWDWLRQLVDSSDUHQWO\OHVVWKDQPP
with the caveat that at least three stations in the northwestern SLL were not reporting at the time 
RI-XOLHWWH¶VDSSURDFK1RWHWKHODFNRIKLJK!PHOHYDWLRQVWDWLRQVEHWZHHQ&DGXDxRDQGWKH
SLL western slopes that could be used in assessing rainfall distribution in this rugged topography. 
1RODQGVOLGHVZHUHREVHUYHGXQGHUDQRUWKHUQEDQGRIKLJKaPPDFFXPXODWHGUDLQIDOODORQJ
Sierra Carrizalito (Fig. 1) centered at San Bartolo (Fig. 2), in a northern extension of the SLL.
0RVWRIWKHODQGVOLGHVDUHFOXVWHUHGDORQJWKHHDVWHUQ6//)LJZKLFKFRUUHODWHVZLWKWKH
KLJKHUSUHFLSLWDWLRQDFFXPXODWLRQVREVHUYHGLQWKLVDUHD)LJV7KLVIDFWLQGLFDWHVWKDWWKH
event precipitation and associated runoff are probably the main factors responsible for slope 
IDLOXUH7KLVLQWHUSUHWDWLRQLVVXSSRUWHGDOVRE\WKHODFNRIFRUUHODWLRQEHWZHHQDQWHFHGHQWUDLQIDOO
(Fig. 3) and landslide location, which indicates that previous summer precipitation was not a 
factor in triggering the slope failures.
2 *eoOogy
The SLL geology is composed predominantly by Late Cretaceous granites and granodiorites intruded 
into Early Cretaceous granodiorites, tonalities and diorites (Consejo de Recursos Minerales, 2002, 
)LJ'HEULVÀRZGHSRVLWUHPDLQVRQWZRFKDQQHOVLQWKH3RUWH]XHOR$QFyQ*UDQGH
catchment. Main panel shows extent of the landslides in this area. Main channel bed 
HOHYDWLRQUDQJHVIURPPLQWKHOHIWWRPDWWKHORZHUULJKWSRUWLRQRIWKHLPDJH
Highest ridges at the top of the image display elevations of ~1200 m. Note other shallow 
VOLSVDQGGHEULVÀRZVSDWKVRULJLQDWLQJIURPWKHULGJHVLQWKHXSSHUSRUWLRQVRIWKH
LPDJH'DWHRI*HR(\HLPDJHU\DE*URXQGYLHZVRIWKHORZHUSRUWLRQVRI
WKHGHEULVÀRZVSDWKVVKRZQLQWKHLPDJH0RVWO\PHWDPRUSKLFURFNERXOGHUVP
LQGLDPHWHUUHPDLQLQWKHVWUHDPEHGDQG¿QHUJUDLQVL]HVHGLPHQWKDVEHHQVWULSSHG
Date of ground photographs: 2011.
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0DUWtQH]*XWLpUUH]et aO, 2010), the latter outcropping mostly along the western side of 
the range (Fig. 7). Jurassic metasediments, mostly schists, phyllites and gneiss appear in slivers 
LQWKHHDVWHUQVLGHLQWUXGHGE\WKHJUDQLWLFURFNV7KHJUDQLWHVDQGJUDQRGLRULWHVDUHDIIHFWHGE\
EULWWOHDQGGXFWLOHGHIRUPDWLRQLQWKHVRXWKHDVWHUQSRUWLRQRIWKHUDQJHQHDU6DQ-RVpGHO&DER
*HRORJLFDOVWUXFWXUHVGH¿QHDFKDUDFWHULVWLFSDWWHUQRI(6(:1:YDOOH\V LQ WKHVRXWKHUQDQG
eastern portions of the Sierra, while in the northwestern sector a NW-NNW pattern associated 
with the La Paz fault, a regional structure, is predominant. Field observations and analysis of the 
GUDLQDJHQHWZRUNeg0DUWtQH]*XWLpUUH]et aO, 2010) indicate that the fracturing pattern and its 
H[SUHVVLRQLQWKHGUDLQDJHSDWWHUQGLIIHUEHWZHHQWKHVHWZRUHJLRQVZLWKDZHOOGH¿QHGGHQGULWLF
pattern in the northwest SLL, versus a subparallel or trellis drainage pattern in the southeast. 
7KHVHSDWWHUQVDUHFRQWUROOHGE\IUDFWXUHVGLNHVDQGIDXOWV\VWHPVEXWDOVRE\OLWKRORJ\GHQGULWLF
SDWWHUQVSUHGRPLQDWHLQJUDQLWLFURFNVZKLOHVXESDUDOOHODQGWUHOOLVSDWWHUQVSUHGRPLQDWHLQWKH
PHWDPRUSKLFURFNVWRWKHVRXWKHDVW
After considering the proportion of area covered by the different lithologies (Fig. 7), landslides 
appear to correlate to areas of predominantly metamorphic (gneiss and schists) and granitic 
lithologies displaying brittle deformation. This correlation is evident when comparing the largely 
JUDQLWLFURXQGVKDSHGFDWFKPHQWVRI/D3DOPDDQG$JXD9HUGHZLWKWKH(1(HORQJDWHGVFKLVW
gneissic dominated San Lázaro, Portezuelo and Boca de la Sierra catchments. Faults and foliation 
do not appear to dictate a Sriori landslide location, but they strongly dictate slope and drainage 
RULHQWDWLRQDVLQWKH3RUWH]XHORDQG6DQ/i]DURFDWFKPHQWV)LJ
Fig. 7. Spatial distribution of the central and southern landslides in the 
6//FRPSDUHGWRWKHGLVWULEXWLRQRIJHRORJLFDOXQLWV*HRORJLFDOPDS
DFFRUGLQJPRVWO\WR0DUWtQH]*XWLpUUH]et aO DWVFDOH
%ODQNDUHDV WR WKHQRUWKDQGZHVWGLVSOD\XQGLIIHUHQWLDWHGJUDQLWLF
URFNVDFFRUGLQJWR&RQVHMRGH5HFXUVRV0LQHUDOHVDW
VFDOHDQGWKHUHIRUHWKHDUHDFKRVHQIRUWKH¿JXUHFRYHUVD
smaller, more detailed zone than the whole area covered by the study (see 
ORFDWLRQPDSLQRUGHUWRKLJKOLJKWSRVVLEOHOLQNDJHVEHWZHHQIDLOXUHV
and geology.
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An indication of the possible role of fracturing in controlling the slides is given by the spread 
in the population of width to length ratios of landslide scars (Table II). The spread is lower in 
catchments where fracturing is homogeneous and pervasive, as in the granitic-tonalitic areas 
(eg, La Palma and Agua Caliente catchments). In the regions where heterogeneous fracturing 
dominates (egIROLDWLRQDQGPHWDPRUSKLFVWUXFWXUHVOLNH6DQ'LRQLVLR/D=RUUDDQG%RFD
de la Sierra in the north, and San Miguelito in the south, the ratios display more spread. The 
Fig. Images illustrating theLQÀXHQFH of faults and fractures on shallow 
VOLGHVLQWKHVWXG\DUHDD6327LPDJHVKRZLQJORFDWLRQRI7&
Juliette-related landslides (circles indicate estimated triggering points) in 
relation to a WNW fault in the San Lázaro catchment. Failures are located 
on the hanging wall, on the north side of this structure. (b-c) Small, probably 
SRVWURFNVOLGHVLQWKHORZHU6DQ'LRQLVLRFDWFKPHQW1RWHJHRORJLVW
on the debris lobe of the deposit in (b), and the planar bright surface in 
FVXJJHVWLQJWKDWDQHQWLUHZHGJHRIURFNIDLOHGIROORZLQJWKLVVWUXFWXUDO
feature. Date of ground photographs: 2011. 
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Fig. 9. Slope and aspect frequency distribution of landslide inventory. (a) Slope. (b) Aspect.
Fig. 10. Spatial distribution of landslides vs predominant 
YHJHWDWLRQ DVVRFLDWLRQ ,1(*,  /HyQGH OD /X] DQG
Domínguez-Cadena, 2010). CA refers to cultivated areas, with 
some irrigation. Note that vegetation types roughly follow 
DOWLWXGLQDO]RQHVFRPSDUHWR)LJVDQG
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latter indicates that scar dimensions in these regions are constrained by the fracturing pattern 
DQGVSDFLQJ7KLVLVUDWL¿HGLQWKH¿HOGDVVRPHRIWKHODQGVOLGHVFOHDUO\GLVSOD\UHPRYDORI
PDWHULDOLQZHGJHVRIURFNEHWZHHQIUDFWXUHV)LJF
3 SOoSe and asSect
0RUHWKDQRIIDLOXUHVLQLWLDWHGDORQJVORSHVRIa)LJZLWKDPHDQDURXQG
7KHVORSHGLVWULEXWLRQ)LJLVEURDGLQGLFDWLQJWKDWVORSHLVQRWWKHPDLQIDFWRUDQGWKDW
RWKHUPRGXODWLQJIDFWRUVDUHLQÀXHQFLQJWKHGLVWULEXWLRQRIVOLGHVDFURVVKLOOVORSHV)RUPRUHWKDQ
RIIDLOXUHVWKHJHRPHWULFDOFHQWHURIWKHLQLWLDOGHWDFKPHQWDUHDLVORFDWHGLQWKHXSSHUWKLUG
RIWKHVORSHVDVLPLODU¿JXUHLVREWDLQHGZKHQFRPSDULQJVOLGHLQLWLDWLRQSRLQWVDQGDVSHFWRIWKH
slope (most failures occurred on SE or S slopes, Fig. 9).
 9egetation
7KHYHJHWDWLRQLQWKHDUHDLVGRPLQDWHGE\VXEWURSLFDOGU\DQGRDNIRUHVWVJHQHUDOO\DERYH
DQGPUHVSHFWLYHO\,1(*,/HyQGHOD/X]DQG%UHFHGD/HyQGHOD/X]DQG
'RPtQJXH]&DGHQD,QDUHDVEHORZPDVDUFRFDXOHVFHQWGHVHUWVFUXEDVVRFLDWLRQLV
IRXQG1RWDEO\PRVWODQGVOLGHVFRUUHODWHVSDWLDOO\ZLWKRDNIRUHVWVRUZLWKWKHORFDWLRQRIWKHHFRWRQH
EHWZHHQRDNIRUHVWVZLWKWKHVXEWURSLFDOGU\IRUHVWZLWKYHU\IHZODQGVOLGHVLQWKHODWWHUXQLW)LJ
5 SoiOs
Field observations in the northern (San Dionisio) and southeastern portions of the study area (San 
/i]DURLQGLFDWHWKDWRYHUPRVWKLOOVORSHVIUDFWXUHGEHGURFNDSSHDUVFRYHUHGE\DWKLQaPYHQHHU
RIURFNIUDJPHQWVDQGWUHHDQGVKUXEURRWVSHQHWUDWHGHHSO\LQWRWKHIUDFWXUHVWRDI¿[WKHPVHOYHV
WRWKHURFN\VXEVWUDWH6RLOVWKHUHIRUHDUHVKDOORZZLWKYDULDEOHGHSWKVEHWZHHQDIHZFHQWLPHWHUV
DQGPRIGHYHORSHGSUR¿OHDERYHUHJROLWKRUEHGURFNZLWKGHHSHUSUR¿OHVRQWKHEDQNVDORQJ
PDMRUVWUHDPV6RLOVLQWKHDUHDFDQEHFODVVL¿HGDVHXWULFUHJRVROVWRFKURPLFFDPELVROV,1(*,
2007) in the southern portion (San Lázaro), varying to eutric regosols and lithosols in the central and 
northern SLL (eg, San Dionisio canyon, Fig. 11). Almost all landslides appear to be developed in 
areas displaying eutric regosols along the catchment uplands, indicating that soils are not a controlling 
factor in the failures.
5. Discussion
We have documented the occurrence of hundreds of failures resulting from the approach of TC Juliette 
to the southern Baja California peninsula. In the next paragraphs, we analyze triggering factors and 
antecedent conditions favorable to failure development, both introduced in section 4, and conclude 
estimating possible recurrence of a similar event from the analysis of historical information.
In order to validate our analysis, we assessed whether the landslide inventory obtained a 
GHFDGHDIWHUWKHVWRUPRFFXUUHGLVUHSUHVHQWDWLYHRIWKHRULJLQDOVORSHIDLOXUHV:HDUHFRQ¿GHQW
WKDW WKH ODQGVOLGH LQYHQWRU\ UHÀHFWVYHU\DFFXUDWHO\VORSHIDLOXUHV IRU WZRUHDVRQV)LUVW WKH
area-frequency graph (Fig. 12) still shows the characteristic shape of inventories prepared 
immediately after triggering by rainfall, characterized by a heavy-tailed distribution (eg, Larsen 
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and Torres-Sánchez, 1992; Malamud et aO, 2004). Second, estimated revegetation rates (Fig. 13) 
appear to be slower than suggested for some tropical humid environments (Crone et aO, 2001). 
Revegetation rates might be more similar to the ones estimated for semiarid to temperate slopes 
DIIHFWHGE\VLPLODUVKDOORZVOLGHVZKHUHIDLOXUHVFDQVWLOOEHVHHQDIWHU¿YH:HEEet aO
or ten years (Hovius et aO, 2000).
Fig. 11. Spatial distribution of landslides vs soil types.
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Fig. 12. Area-frequency diagram for the TC 
Juliette landslide inventory.
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51 0echanisms of sOoSe faiOure
The more than 400 landslides triggered by Juliette represent a unique opportunity to study the 
natural processes that generate slope failures in a relatively undisturbed subtropical, semi-arid 
landscape. Across the entire study area, landslides were mostly shallow, upper slope failures, and 
WKHLQYROYHGVRLOVDQGGHEULVZHUHWUDQVIRUPHGUDSLGO\LQWRGHEULVÀRZVWKDWODWHUZHUHLQFRUSRUDWHG
LQWRWKHVWUHDPÀRZ
511 &onditioning of sOoSes
1HFHVVDU\ FRQGLWLRQV IRU WKH RFFXUUHQFHRI IDLOXUHV DUH WKH LQFLGHQFHRI VWHHS VORSHV !
FRPELQHGZLWKDJHRORJLFDOVXEVWUDWHZLWKGHYHORSHGIUDFWXUHV\VWHPVWKDWIRFXVHGLQ¿OWUDWLRQWR
VSHFL¿FDUHDVLQWKHODQGVFDSH$UHODWLRQVKLSZLWKYHJHWDWLRQW\SHVDOWKRXJKOHVVFOHDUO\GH¿QHG
LVSRVVLEOHKRZHYHUPRUHGHWDLOHGVLWHLQIRUPDWLRQLVQHHGHGWRFODULI\WKLVSRWHQWLDOOLQNDJH
The spatial distribution of failures supports a heterogeneous distribution of rainfall intensities 
DQGDPRXQWVGHULYHG IURP-XOLHWWHDFURVV WKH6//FRQ¿UPLQJREVHUYDWLRQV IRUPRUHKXPLG
WURSLFDO VHWWLQJV *DOHZVN\et aO7KHZLQGÀRZ LQ WKHHDVWHUQVWRUPTXDGUDQWVZDV
responsible for the higher proportion of S-SE facing slopes portraying landslides. Orographic 
lifting of moist air across the entire sierra in an EW transect is observed in the differential rainfall 
developed for the eastern and western sections of the range, which is strongly correlated with 
landslide occurrence.
512 7riggering mechanisms
7KHSUHGRPLQDQWODQGVOLGHRFFXUUHQFHLQWKHXSSHUSRUWLRQRIVORSHVLQGLFDWHVWKDWVXUIDFHLQ¿OWUDWLRQ
of rainfall in the higher elevation portion of the hillslopes was not enough to cope with runoff from 
the high rainfall intensity derived from the storm. It is estimated that rapid saturation (ie, hours) 
RIWKHXSSHUPRIVRLODQGIUDFWXUHGEHGURFNLQFUHDVHGWKHSRUHSUHVVXUHLQWKHORRVHUHJROLWK
on the steep slopes. The regolith started mobilization by gravity in these conditions and, under the 
UHODWLYHO\ORQJGXUDWLRQKLQWHQVHSUHFLSLWDWLRQRYHUODQGÀRZGHYHORSHGFDUU\LQJDZD\
¿QHUSRUWLRQVRIWKHVHGLPHQW¿QDOO\UHPRYLQJVXSSRUWIRUODUJHUEORFNVGHULYHGIURPWHFWRQLF
IUDFWXULQJRIWKHXSSHUVORSHV,QDODWHUVWDJHODUJHU!PGLDPHWHUEORFNVRIEHGURFNZHUHOHIW
free to be also mobilized by gravity, carrying in their fall remaining soil and vegetation attached 
)LJ*HR(\HLPDJHU\LOOXVWUDWLQJUHYHJHWDWLRQVHTXHQFHIRUDSDLURI7&-XOLHWWHGHULYHGODQGVOLGHVLQ
the San Lázaro catchment between 2004 and 2009. Dates in format YYYYMMDD.
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to them. Probably, not all slopes reached this stage as large boulders are still recognizable dotting 
some of the original scar areas.
The general pattern described above can be considered valid for most of the failures, although 
it is possible to identify and characterize more precisely two types of slope failures related to the 
7&DSSURDFKWKRVHWULJJHUHGE\RYHUODQGÀRZHQKDQFHPHQWDQGWKRVHUHODWHGWRGLVWXUEDQFHVRQ
the upland SLL forests.
A 2verOand Àow triggered deEris Àows and shaOOow sOiSs For an important portion of the 
ODQGVOLGHVIDLOXUHVRFFXUUHGLPPHGLDWHO\EHORZDUHDVRIH[SRVHGEHGURFNLQWKHXSSHUWKLUG
of the slopes. The corresponding mechanism appears to be related to generation of excess 
RYHUODQGÀRZLPSDFWLQJVHPLFRQVROLGDWHGFROOXYLXPDVUHSRUWHGLQRWKHUVHPLDULGPRXQWDLQ
settings (eg*ULI¿WKVet aO, 2004; Webb et aO&RHet aO$OWKRXJKWKH6//
displays more vegetation, including arboreal species not present in the regions above described, 
FRQFHQWUDWLRQRIUXQRIIDW WKHHQGRIXSSHUVORSHUDYHOVRUDW WKHIRRWRIEHGURFNFOLIIVKDG
SUREDEO\ WKH VDPH ³¿UH KRVH´ HIIHFW eg -RKQVRQ DQG5RGLQH  GHVFULEHG LQ WKRVH
UHJLRQV7KLVPHFKDQLVPUHTXLUHVVWUHDPÀRZRYHUDZDWHUIDOORQSUHH[LVWLQJFROOXYLDOZHGJHV
at the base of cliffs, causing failure and subsequent mixing to create a slurry (cf*ULI¿WKV
et aO5HODWLYHO\VFDUFHXQGHUVWRU\FRYHULQWKHWURSLFDOGU\DQGRDNIRUHVWVLQWKHVH
FDWFKPHQWV/HyQGHOD/X]DQG%UHFHGDPLJKWEHUHVSRQVLEOHIRUWKLVHIIHFW2QFHWKH
initial portions of the surface sediment are mobilized, they displace downslope, either eroding 
DQG LQFRUSRUDWLQJPRUHVHGLPHQW LQWRDGHEULVÀRZRUHQWHULQJ LQWRD¿UVWRUVHFRQGRUGHU
FKDQQHO7KHVHGLPHQWVPD\EHODWHUUHPRYHGE\DFWLRQRIDVXEVHTXHQWGHEULVRUFKDQQHOÀRZ
2XU¿HOGREVHUYDWLRQVLQGLFDWHWKDWWKLVUHPRYDOPD\EHVWURQJO\GHSHQGHQWRQWKHRULJLQDO
WULJJHULQJPHFKDQLVP,IRYHUODQGÀRZZDVLQYROYHGDVK\SRWKHVL]HGIRUWKHGHEULVÀRZVLQ
the San Lázaro catchment, streambeds tend to remain free of sediment. In other cases, large 
ERXOGHUVDUHOHIWDVDODJGHSRVLW)LJ
% )orest disturEances triggering sOoSe faiOures A portion of landslides, particularly those 
DVVRFLDWHGZLWKWKHHFRWRQHRDNWURSLFDOGU\IRUHVWZHUHLQLWLDWHGLQDUHDVRIFRQYH[RUSODQDU
topography. In these landslides, apparently concentration of runoff in colluvial hollows or by 
XSVORSHEHGURFNFKDQQHOL]DWLRQZDVQRWDUHOHYDQWSURFHVV6RPHRIWKHVHDUHDVVKRXOGKDYHEHHQ
largely exposed to high winds near ridges in the southern and eastern facing slopes. We interpret 
these slope failures as occurring in areas of enhanced precipitation caused by topographic lifting 
coupled with high rates of uprooted trees caused by high winds (cf$UULDJDFDXVLQJERWK
immediate regolith disturbance and increasing bare areas that enabled runoff concentration. A 
SRWHQWLDOGLIIHUHQWLDOUHVSRQVHWRKLJKZLQGVEHWZHHQWKHRDNIRUHVWDQGWKHWURSLFDOGU\IRUHVWLV
not possible to assess with the available data, because detailed mapping of forest structure, canopy 
cover, tree mortality, etc., was unfeasible under the scope of this study.
Triggering of landslides by disturbance of the vegetation is not uncommon in upland areas 
affected by TCs (eg, Larsen and Torres-Sánchez, 1992) or in other forested environments (Millard, 
2003). This fact highlights the large effects of topography in the spatial distribution of rainfall and 
ZLQGERWKRIZKLFKZLOOHYHQWXDOO\DIIHFWODQGVOLGHWULJJHULQJ*DOHZVN\et aO/DQGVOLGHV
appear concentrated in the highest upslope portion of the eastern edges of ENE oriented catchments 
(ie%RFDGHOD6LHUUD6DQ/i]DUR3RUWH]XHOR7KHVHIHDWXUHVPLJKWKDYHIXQQHOHGWKHZLQGÀRZ
WRJHQHUDWH]RQHVZKHUHUDLQIDOOH[FHHGHGHVWLPDWHVFRQVLGHULQJDÀDWWHUWRSRJUDSK\)LJDQG
probably created enhanced wind turbulence not only in the facing slopes but also on the lee side 
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(*aOewsky et aO, 2006) that enhanced vegetation disturbances (eg, wind shear) and therefore 
favored slope failures as we interpreted above.
7KHUHODWLYHO\KLJKSURSRUWLRQRIODQGVOLGHVWKDWRFFXUUHGDORQJWKHHFRWRQHRDNWURSLFDOGU\IRUHVW
DOVRVXJJHVWVDFRPELQHGLQÀXHQFHRIJHRORJLFDODQGYHJHWDWLRQIDFWRUV,WLVSRVVLEOHWKDWEHFDXVH
RIWKHKLJKO\G\QDPLFQDWXUHRIWKHHFRWRQHDUHD/HyQGH/D/X]DQG%UHFHGDWKHDOWHUQDWH
chemical and biological activity of different vegetation associations have affected physical properties 
RQ WKH VXEVWUDWH7KHVH FKDQJHV LQÀXHQFH LQ WXUQ WKH VXVFHSWLELOLW\ WR VORSH IDLOXUH&KHPLFDO
weathering in the ecotone region might be different to the one present in more stable inner portions 
RIWKHRDNRUWURSLFDOGU\IRUHVWV7KHRULJLQDOFRPSRVLWLRQRIWKHURFNVIRUPLQJWKHVXEVWUDWHPLJKW
DOVRUHLQIRUFHWKLVGLIIHUHQWLDOZHDWKHULQJVW\OHLQWKLVFDVHPHWDPRUSKLFURFNVSURYLGHDVWUXFWXUDOO\
complex system with numerous fractures for roots to deepen and extract more water, but also enabling 
VORSHVWRGHYHORSIDLOXUHXQGHULQFUHDVHGSRUHSUHVVXUHLQWKHXSSHUSRUWLRQVRIWKHFRQWLQXXPEHGURFN
UHJROLWKFROOXYLXP$PL[HGIRUHVWVWUXFWXUHDORQJWKHHFRWRQH/HyQGHOD/X]DQG%UHFHGDLV
also more conducive to heterogeneous concentration of runoff. Combination of upland and lowland 
tree associations has edge effects on soil moisture and runoff (Joffre and Rambal, 1993; Breshears 
et aO, 1997; Asbjornsen et aO, 2004). In addition, the ecotone region can have a wide variety of trees 
DWGLIIHUHQWKHLJKWVDQGVWHPVL]HVFUHDWLQJERWKZHDNHUIRUHVWVXQGHUVWURQJZLQGDFWLRQ$UULDJD
DQGKHWHURJHQHRXVUXQRIIEHFDXVHRIWKHGLIIHUHQFHVWKDWWKHHFRWRQHVSHFLHVPLJKWGLVSOD\
on the way rainfall is directed from the canopy to the surface. Testing the above hypotheses in this 
UHJLRQLVRXWRIWKHVFRSHRIWKHSUHVHQWZRUNDOWKRXJKWKHFRQ¿UPDWLRQRIWKHVHLGHDVUHSUHVHQWVD
NH\VWHSLQRUGHUWRXQGHUVWDQGODQGVFDSHSURFHVVHVLQWKLVUHJLRQDQGVLPLODUDUHDV
Fig. 14. Hydrographs for La Palma and San /i]aro streams during passage of hurricane Paul 
6HSWHPEHU2FWREHU7KLVXQLTXHVHWRIÀRRGK\GURJUDSKVVWDWLRQVPDUNHGDV
\HOORZSRLQWVZDVFROOHFWHGLQWHQVPDOONP2) catchments by Conagua (available 
at KWWSZZZLPWDJREP[LQGH[SKS"RSWLRQ FRPBZUDSSHU	YLHZ ZUDSSHU	,WHPLG 
ODVWDFFHVVHG3HDNXQLWVWUHDPSRZHUZDVHVWLPDWHGEDVHGRQVORSHLQFKDQQHO
FKDQQHOJHRPHWU\%RQLOODVDQGGLVFKDUJH7KHVKDGHGDUHDXQGHUWKHSHDNGLVFKDUJH
LQGLFDWHWKDWGXULQJWKDWSHULRGWKHVWUHDPZDVDEOHWRFDUU\ERXOGHUV!PLQGLDPHWHU
1RWHWKDWVWUHDPSRZHUODUJHUWKDQUHTXLUHGWRPRYHPERXOGHUVZDVVXVWDLQHGGXULQJ
almost 24 h. Discharge measurements for these catchments were discontinued as of 1994 
/D3DOPDDQG6DQ/i]DUR
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52 Runout of sOoSe faiOures
Except for a few landslides occurring directly on the mountain front, most of the slope failures 
UHDFKHGVWUHDPVRIVHFRQGRUWKLUGRUGHUDVGHEULVÀRZV*LYHQWKHJHQHUDOVORSHDQGGUDLQDJH
patterns, these channels joined in short distance streams of higher order with larger discharges 
FDSDEOHRIFDUU\LQJWKHZKROHODQGVOLGHORDGZLWKRXWVORZLQJGRZQWKHVWUHDPÀRZ,QGHHGVWUHDPV
RIIRXUWKRUGHUOLNH/D3DOPDRU6DQ/i]DUR)LJFDQFDUU\PRUHWKDQP3VGXULQJK
or more when a large TC affects the area. Debris deposition was therefore precluded along the 
mountain mainstems, where stream power reached maximum values, transporting most of the 
available bedload and suspended load (eg%RQLOODVDQGRWKHUZLVHHURGLQJ6HGLPHQW
VXSSOLHGE\ODQGVOLGHVHQWHUHGWKHÀRZDQGZDVGLVFKDUJHGEH\RQGWKHPRXQWDLQIURQW
)LJ&OLSSLQJIURPWKHSan )rancisco &aOO, Saturday, November 2, 1907, depicting 
WKHGDPDJHRIDWURSLFDOF\FORQHDIIHFWLQJ6DQ-RVpGHO&DERDQGQHLJKERULQJUHJLRQVRQ
October 14, 1907. Available at the Online Archive of California: KWWSZZZRDFFGOLERUJ 
>ODVWDFFHVVHG@
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53 *eomorShic reOevance and recurrence of simiOar OandsOide events
531 *eomorShic reOevance
The landslides that developed in the SLL during and after the approach of TC Juliette resulted 
in a large geomorphic effect, removing an important portion of regolith and boulders from the 
hillslopes, and contributing to sediment transfer to the channels and beyond. Estimated calculations 
XVLQJPHDQ¿JXUHVIRUODQGVOLGHVFDUVL]HDQGHVWLPDWHVRQVFDUGHSWKRIaPEDVHGRQWKHIHZ
¿HOG FKHFNHGHYHQWV LQGLFDWH WKDW IRUPRVWRI WKH FDWFKPHQWV DQ DYHUDJHRIPPVXUIDFH
lowering for the entire catchment can be attributed to this event (Table II). These values, using 
density adjustments, can be converted to mass transfer rates for these catchments, to compare for 
H[DPSOHZLWKVXVSHQGHGVHGLPHQWWUDQVSRUWUDWHVLQÀXYLDOV\VWHPV6LPLODUO\LQRUGHUWRFRQYHUW
WKLV¿JXUH WR D WHPSRUDO DYHUDJH WKDW FDQEHXVHGZKHQ FRPSDULQJ WR WHFWRQLF XSOLIW UDWHV RU
sedimentation rates, an estimation of the recurrence of events as large as TC Juliette is required. 
In the next paragraphs we obtain an estimation of recurrence based on historical records and also 
on interpretation of landslide scars from events occurring after this TC.
A Pre-2001 OandsOides An event similar to Juliette should have been noticeable to any observer 
in the form of hundreds of landslides in the hillslopes. A thorough review of historical records 
(Antinao and McDonald, 2011) has indicated that at least in the 20th century (eg9LOODQXHYD
2001), besides localized mass wasting in areas inside or very close to the main settlements of La 
3D]DQG6DQ-RVpGHO&DERIHZODQGVOLGHVKDYHEHHQUHFRUGHGDVJHQHUDWHGE\WURSLFDOVWRUPVLQ
the peninsula. However, one particular record is especially noteworthy and refers to a large TC 
that occurred in October 1907, where the only explicit mention to landslides in the ca 300 years 
of historical records was found (Antinao and McDonald, 2011). A report from the November 2, 
1907 edition of the San )rancisco &aOO QHZVSDSHU)LJVWDWHV³7KHVLGHVRI0RXQW/i]DUR
were scarred as if some monstrous hand had clawed them and through the once fertile valley, 
LQVWHDGRIDJHQWOHVWUHDPWKHUHULRWHGWKUHHDQJU\WRUUHQWV>«@´)URPWKLVOLQHVZHH[WUDFWWZR
LQWHUSUHWDWLRQV¿UVWIDLOXUHVLQWKHXSSHUSRUWLRQRIWKH6DQ/i]DURFDWFKPHQWZHUHZLGHVSUHDG
ZLWKWKHGHSLFWLRQRID³PRQVWURXVKDQG´LQGLFDWLQJVHYHUDOVFDUVRQDVLQJOHKLOOVORSHVLPLODU
to what happened during the approach of TC Juliette in 2001; second, the type of failures across 
VORSHVZDVVLPLODUWKHZRUG³VFDUV´GHSLFWLQJZKDWPD\EHWKHWUDFHVRIGHEULVÀRZVRULJLQDWLQJ
in the upper portion of slopes, reaching the channels. 
5HSRUWVRQWKH2FWREHUHYHQWGLVSOD\DOVRRWKHULQWHUHVWLQJREVHUYDWLRQV³7KH>@OLQHU
&XUDFDR>@EURXJKWZRUGRIWKHGHVWUXFWLRQRQ2FWREHUGXULQJDWHUUL¿FFKHEDVFR>sic@RIWKH
WRZQRI6DQ-RVpGHO&DER>«@7KHIHUWLOHSODLQ>6DQ-RVpULYHU"@WKDWKDG\LHOGHGVHYHUDOWKRXVDQG
people a comfortable living, had been robbed of its soil by the torrents which had left instead a 
EDUUHQSLOHRIJUDYHODQGURFNV´San )rancisco &aOO, November 2, 1907, p. 9). Observations from 
the effects of Juliette are very similar. However, the damage in 2001 appeared to be more contained 
DQGUHVWULFWHGWRWKHULYHUEHGDQGWKHORZHUWHUUDFHVDQGLWLVOLNHO\WKDWWKHHIIHFWVRIWKHHYHQW
were indeed larger than the ones associated with Juliette. In the early 20th century, after destruction 
RIWKHROGWRZQRI6DQ-RVpLQE\WKHHIIHFWVRIDQRWKHU7&$QWLQDRDQG0F'RQDOG
the main government buildings had already been relocated to a place closer to their current location; 
WKHUHIRUHWKHODUJHUHIIHFWVREVHUYHGLQWKHÀRRGLQJZRXOGLPSO\DODUJHUÀRRGWKDQLQ
The presence of subtle landslide scars, probably triggered by a pre-2001 event in portions of 
the study area, indicate that at least some events after the 1907 TC have been able to mobilize the 
KLOOVORSHVEXWQRWLQWKHZLGHVSUHDGPDQQHUWKDW-XOLHWWHGLG/DFNRIDHULDOSKRWRJUDSK\FRYHUDJH
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EHIRUHKLQGHUVWKHSRVVLELOLW\RISLQSRLQWLQJWKHVHHYHQWVDQGXQWLORWKHU¿HOGPHWKRGVOLNH
GHQGURFKURQRORJ\DUHXVHGWRFKHFNWLPLQJLWDSSHDUVWKDWWKHQH[WROGHUHYHQWVLPLODUWR-XOLHWWH
is the 1907 event.
% Post-7& -uOiette OandsOides. Analyzing post-2001 imagery, we were able to detect landslides 
generated during the passage of subsequent storms. For example, after the passage of hurricanes 
,JQDFLRDQG0DUW\LQWKUHHODQGVOLGHVDUHLGHQWL¿HGLQWKHXSSHU0LJULxRFDWFKPHQWDWWKH6//
ZHVWHUQVORSHV)LJ,WLVSRVVLEOHWKDWUHDFWLYDWLRQKDVRFFXUUHGLQVRPHDUHDVDIIHFWHGLQ
EXWLQPRVWFDVHVWKHVORSHIDLOXUHVOHIWRQO\EHGURFNDQGQRIXUWKHUPRYHPHQWLVH[SHFWHGLQWKH
near future. Based on these observations of events before and after TC Juliette, a conservative 
estimate for recurrence of events similar to it is the period 1907-2001, or 100 years approximately.
532 Sediment transfer rates from OandsOides to channeOs
,QGLYLGXDOFDWFKPHQWVHGLPHQWWUDQVIHUUDWHVGXULQJ7&-XOLHWWHYDULHGIURPWRPPRIHTXLYDOHQW
landscape lowering rate in each individual catchment (Table II). Assuming that the 1907 TC was 
similar to Juliette, then the time-averaged landscape lowering rate (only considering landslides) 
IURPWKHVHHYHQWVLVWRPPSHU\HDU7KLVYDOXHLVLQWKHXSSHUUDQJHRIHVWLPDWHVIRUD
semiarid, tectonically passive margin (eg, Bierman and Nichols, 2004), although it is lower than 
HVWLPDWHVIRUWHFWRQLFDOO\DFWLYHKXPLGDUHDVOLNH7DLZDQ+RYLXVet aO, 2000) or Japan (Imaizumi 
et aO7KHVHUDWHV LPSO\D ODUJHDPRXQWRIVHGLPHQW WUDQVSRUWHGGRZQVWUHDPWKDWPXVW
be considered in future management decisions regarding water supply through potential stream 
damming.
5 7hreshoOd of sOoSe faiOure
It has been highlighted that Juliette was exceptional in terms of precipitation (Farfán, 2004), but 
the relevance of its effects over the entire geomorphic system are less obvious (cf Martínez-
)LJ3DLURI*HR(\HLPDJHVRIWKHXSSHUVORSHVRIWKH0LJULxRFDWFKPHQWZHVWHUQ6//VKRZLQJD
couple of landslides that appeared probably as a result of hurricane Marty in 2003.
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*XWLpUUH]DQG0D\HU7RFODULI\WKHUROHWKDW-XOLHWWHKDGLQFRPSDULVRQWRVLPLODUUHFHQW
meteorological systems, we compiled rainfall intensity and duration from some of the largest 
storms affecting the region during the last 20 years, and estimated a threshold curve for slope 
failures (Fig. 17). For example, one of the largest recent storms that brought torrential rains to the 
SLL (November 1993) was a mesoscale convective system (MCS) that did not cause widespread 
slope failures based on a survey of Landsat imagery before and after the event. This event brought 
!PPGWRPDQ\VWDWLRQVLQWKHVRXWKHUQ6//7KHWRSDFFXPXODWLRQVZHUHLQWKHUDQJH
RIPPGIURP1RYHPEHUDQGDQGWKHVWDWLRQDW6DQWD$QLWDMXVWQRUWKRI6DQ-RVp
GHO&DERUHFRUGHGPPRQ1RYHPEHU6LPLODUO\DIWHUWKHSDVVDJHRI+XUULFDQHV3DXO
DQG,VLVERWKZLWKODUJHHIIHFWVLQWKHDOOXYLDOUHDFKHVRIDOOVWUHDPVRULJLQDWHG
in the SLL (eg%RQLOODVQRVORSHIDLOXUHVZHUHREVHUYHGLQERWK/DQGVDWLPDJHU\DQG
the few available aerial photographs.
The threshold curve derived from the intensity and duration data for these storms, along with 
-XOLHWWHLVVWULNLQJO\VLPLODUQRWRQO\WRFXUYHVHVWLPDWHGLQZHWWURSLFDOIRUHVWDUHDVDIIHFWHG
by TCs (Larsen and Simon, 1993) but also to curves developed for semiarid regions affected by 
warm-season convective systems (eg, Webb et aO-XOLHWWHEURXJKWPRUHLQWHQVHUDLQIDOO
WR%DMD&DOLIRUQLDWKDQDQ\RWKHUVWRUPLQUHFRUG7KHODFNRIDQHQKDQFHGJDXJHQHWZRUNLQWKH
SLL precludes us from quantifying more precisely this estimated threshold curve or to extend 
our results to propose a forward predictive model of slope stability. This fact highlights the need 
RILPSURYLQJWKHDFWXDOK\GURPHWHRURORJLFDOQHWZRUNWREHWWHUXQGHUVWDQGVORSHEHKDYLRUXSRQ
WKHDSSURDFKRILQWHQVHVWRUPVOLNHWKHRQHDQDO\]HGKHUH
Fig. 17.*UDSKFRPSDULQJSUHFLSLWDWLRQLQWHQVLW\DQGGXUDWLRQWKUHVKROGVIRUODQGVOLGHRFFXUUHQFHLQVHOHFWHG
regions (dashed gray lines), with conditions for the landfall or approach of several tropical cyclones and local 
VWRUPVWKDWGLGJUD\FLUFOHVDQGGLGQRWZKLWHFLUFOHVFDXVHODQGVOLGHVLQWKH6LHUUDOD/DJXQD+HDY\EODFN
OLQHLVHVWLPDWHGWKUHVKROGIRU6LHUUDOD/DJXQD¿WWHGYLVXDOO\7KHYDOXHVIRUVWRUPVSORWWHGDUHEDVHGRQ
rainfall data from both daily UTC, 07 local time, at this point measurements restart for the next day) and 
10- minute automatic stations. Start and end of rainfall associated with the storm obtained from station records, 
DQDO\VLVRI*2(6LPDJHU\DQG7500GDWD3RLQWVDUHDYHUDJHRIWKHKLJKHVWUDLQIDOOYDOXHVDURXQG6// 
SC: Santa Catalina Mountains, Arizona (Webb et aO,  PR: Puerto Rico (Larsen and Simon, 1993); BR: 
%OXH5LGJH9LUJLQLD:LHF]RUHN et aO, 2000); &2VRXWKHUQ5RFN\0RXQWDLQV&RORUDGR&RHet aO, 
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6. Conclusions
Sustained high-intensity rainfall associated with the approach of TC Juliette to the southern Baja 
California peninsula triggered a large amount of landslides in the mountainous terrain of the SLL. 
Most landslides occurred in a region where total storm precipitation during ca three days was 
PRUHWKDQPPDQGVRPHUHJLRQVUHFHLYHGRYHUPP7KHODQGVOLGHVZHUHPRVWO\VKDOORZ
VOLSVDQGGHEULVVOLGHVRIOLPLWHGDUHDOH[WHQWZKLFKJLYHQWKHODUJHDPRXQWRIVWUHDPÀRZLQWKH
GUDLQDJHQHWZRUNZHUHFRQYHUWHGUDSLGO\LQWRGHEULVÀRZVWREHODWHUH[SRUWHGWRZDUGVWKHORZODQGV
RIWKH6DQ-RVpGHO&DEREDVLQ
The main factors affecting landslide occurrence were total rainfall and intensity, geology and 
YHJHWDWLRQ7KHRFFXUUHQFHRIODQGVOLGHVZDVOHVVFRUUHODWHGZLWKDQWHFHGHQWUDLQIDOO*HRORJLFDO
IHDWXUHV OLNH OLWKRORJ\ DQG IUDFWXUH VSDFLQJSUREDEO\ FRQGLWLRQHG VWURQJO\ QRW RQO\ WKH GLUHFW
RFFXUUHQFHRI ODQGVOLGHVEXWDOVRDYHJHWDWLRQ LQÀXHQFH WKURXJK WKHGHYHORSPHQWRIGLIIHUHQW
DVVRFLDWLRQV OLQNHG WR WKHP0HWHRURORJLFDO IDFWRUV OLNH UDLQIDOO UDWHVZHUHSUREDEO\ WKHPDLQ
triggering factor. Two processes can be distinguished as initiating slope failure. One is rainfall 
DFFXPXODWLRQIURPH[SRVHGEHGURFNVORSHVJHQHUDWLQJH[FHVVRYHUODQGÀRZDVWKHPDLQSURFHVV
OLQNHG WR IDLOXUHV LQ FRQFDYH WRSRJUDSK\7KH VHFRQGSURFHVVZDVSUREDEO\ D FRPELQDWLRQRI
WKHZLQGDQGH[FHVVRYHUODQGÀRZLQWKHPRUHFRQYH[RUSODQDUXSSHUVORSHVDVXSURRWHGWUHHV
GLVORGJHGODUJHUHJROLWKDQGEHGURFNEORFNVRSHQLQJVORSHVIRUIXUWKHUUXQRIIFRQFHQWUDWLRQSDUWLDOO\
IROORZLQJWKH¿UVWPHQWLRQHGSURFHVV
A reduced proportion of the landslides accumulated material in the lower slopes, as most of 
it was carried over by the streams, attesting the high transport capacity that they display during 
WKHVHVWRUPV/DQGVOLGHVDUHWKHUHIRUHDYHU\HI¿FLHQWPHFKDQLVPRIWUDQVIHUULQJPDVVIURPWKH
KLOOVORSHVGLUHFWO\LQWRIRXUWKDQ¿IWKRUGHUVWUHDPVWKDWGUDLQRXWVLGHWKH6//UDQJH
The approach of TC Juliette was not only extreme in terms of total and intense rainfall but 
also in terms of slope failure triggering. When the rainfall data is plotted along with those from 
other storms that did not cause extensive landsliding, a threshold curve for triggering landslide 
LQ WKLV UHJLRQFDQEH VNHWFKHG LQDSRVLWLRQ VLPLODU WRHVWLPDWHV IURPRWKHU VXEWURSLFDODQG
tropical areas.
)URPWKHDQDO\VLVRIKLVWRULFDOLQIRUPDWLRQLWLVHVWLPDWHGWKDWVWRUPVOLNH-XOLHWWHDSSURDFKRU
PDNHODQGIDOOLQWKHVRXWKHUQSHQLQVXODRQDYHUDJHRQFHHYHU\\HDUV'HQXGDWLRQHVWLPDWHVLQ
the form of landscape lowering rates were obtained for several of the catchments where landsliding 
occurred, and correspond to lower-end estimates of mass transfer for the region, given that smaller 
events that also transport sediment are not included. Even considering this effect, the rates are in 
the high end for a tectonically passive margin and highlight the consideration of sediment transfer 
UDWHVZKHQWDNLQJGHFLVLRQVUHJDUGLQJPDQDJHPHQWRIZDWHUUHVRXUFHVLQWKLVDUHDWKURXJKGDPPLQJ
streams.
The results emphasize also the need for a more detailed representation of the spatial distribution 
RIUDLQIDOODQGZLQG¿HOGVIRUWKLVPRXQWDLQRXVUHJLRQDIIHFWHGE\7&V,QSDUWLFXODUDQLQFUHDVH
in the number of stations representing the higher altitude region of the SLL is needed to more 
accurately analyze the relation between storm characteristics and landslide occurrence in future 
HYHQWV7KHVHDQDO\VHVUHSUHVHQWDNH\VWHSLQRUGHUWRSURSHUO\PDQDJHWKLVUHJLRQLQWHUPVRI
water resources and natural hazards.
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